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ABSTRACT
Microbial interactions with radionuclides in the environment are multi-faceted
and play an important role on the fate and the extent of transport of these metals within
the biosphere. Understanding how these biotic interactions affect radionuclides could
prove useful in developing more suitable waste containment facilities and improve the
overall risk management strategies at legacy waste sites around the world. This study
investigates two microbial interactions with these metals: biosorption and bioreduction.
To elucidate the impact of biosorption on uranium and cesium, active and inactive
biomass were analyzed using batch sorption experiments in the presence of complexing
ligands, EDTA and citrate, to determine whether whole cells or cell lysate increased
sorption. Results demonstrated systems without soil showed a decrease in free aqueous
uranium with biomass present in EDTA. Adding a second complexing ligand decreased
the amount of biosorption to active biomass, but not inactive biomass. With soil present
in the system, biomass increased the sorption of uranium to the soil regardless of the
complexing ligand. In contrast, cesium was unaffected by the biomass and complexing
ligands due to its affinity to sorption sites associated with the soil. Therefore, remedial
strategies incorporating biomass as biosorbents increase the retention of uranium but
have no effect on cesium.
Further, the transformation of U(VI) to U(IV) via bioreduction was studied to
quantify the rate and extent of U(VI) reduction using various electron donors. Reoxidation of U(IV) experiments followed in the presence of nitrate or oxygen to
determine the long-term viability of bioreduction as a remedial strategy for treating
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groundwater contaminated with uranyl carbonate. Results showed the various electron
donors tested were sufficient to allow bioreduction of U(VI) to U(IV). However, reoxidation occurred on the magnitude of days in the presence of oxygen or nitrate.
Therefore, bioreduction of uranium as a remedial strategy does not offer long-term
solutions for groundwater contaminated with uranyl carbonate.
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CHAPTER ONE
Biosorption: The Impact of Whole and Lysed Cells on the Mobility of Uranium and
Cesium

INTRODUCTION
The beginning of World War II marked the launch into the nuclear era, forever
altering the art of warfare while simultaneously providing alternative, more sustainable
resources for energy. This era spurred new research and opportunities but challenges
emerged to protect human health from these nuclear products and their associated waste.
Today, major sources of radioactive waste include electricity and weapons powered by
nuclear fuel, nuclear accidents like Chernobyl and Fukashima, weapons testing, and
nuclear fuel processing (Hu et al., 2010). The USA alone reports 5.5 million m3 of
radioactive waste with radioactive levels reaching 1.2x10 9 TBq (Ahearne, 1997). This
volume does not include the approximate 30-80 million m3 of contaminated soil and
1800-4700 million m3 of contaminated water (Hu et al., 2010). Waste generated from
these nuclear activities leach out of containment facilities, polluting the surrounding soil
and groundwater (Koch-Steindl and Pröhl, n.d.). Safe and sustainable disposal practices
require further research to develop practical strategies for containing radioactive waste.
Developing practical strategies for managing radioactive waste necessitates an
understanding of the physical-chemical and biotic environment and its role in the
transport of the radionuclides from waste facilities. Microbial communities constitute a
significant portion of the biotic environment affecting the fate and transport of
radionuclides in soil and water, with bacteria concentrations ranging from 106 to 109
bacteria per gram of sediment in soils, sediment and deep subsurface aquifers (Fein and
Powell, 2013). Certain microorganisms are able to respire metals and radionuclides by
serving as the electron acceptor, thus being reduced (Keith-Roach and Livens, 2002).
This reduction reaction renders many concerning radionuclides from the aqueous to the
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solid phase therefore minimizing their solubility and transport within the environment
(Lloyd, 2003).
Microorganisms are not limited solely in their influence on radionuclides to these
oxidation reduction reactions. Microbial communities utilize various mechanisms to alter
the fate and transport of actinides (Francis, 1998). Biosorption, bioaccumulation,
biotransformation, and biomineralization are key mechanisms by which microbes and
radionuclides interact (Simonoff et al., 2007). This study focuses on uranium and cesium
biosorption capacities to improve the conceptual understanding of the biotic environment
affecting the transport of these radionuclides from waste storage facilities.
Biosorption
Biosorption is a non-transformative remedial strategy where heavy metals and
radionuclides sorb to biomass (Figure 16) (Merroun and Selenska-Pobell, 2008). A
variety of functional groups comprise microbial cell walls including hydroxyl, carboxyl,
phosphoryl and amino moieties (Beveridge and Murray, 1980; Fein, 2006; Newsome et
al., 2014). The negative net charge of the functional groups at neutral pH encourage
cationic actinides to bind to these anionic structures (Gillow et al., 2009). Of the four
main functional groups comprising the cell wall, the carboxyl and phosphate sites are
responsible for the uptake of metals (Fein et al., 1997). A study conducted on Cd, Pb, Cu
and Al calculated metal:carboxyl sorption site log stability constants ranging from 3.4-5,
suggesting biomass can effect the mobility of metals in aqueous systems (Fein et al.,
1997).
One factor influencing the extent of biosorption is the physical state of the cell
(Merroun and Selenska-Pobell, 2008). A study conducted on cell exudates, defined as the
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products of cell lysis or passive excretion, determined cell lysate contained an order of
magnitude fewer total binding site concentrations compared to previously calculated site
concentrations for a range of bacterial species (Seders and Fein, 2011). Due to the
decreased binding sites, cell exudates are expected to sorb less protons or metal per gram
of bacteria compared to whole cell wall structures (Seders and Fein, 2011).
Other factors dictating the extent of sorption to microbial cell surfaces are the pH
and soluble polymers (Merroun and Selenska-Pobell, 2008). Historically, the type of
microbial species was believed to be a major factor influencing the degree of sorption to
biomass. Gillow et al. observed a range of 21-90% uranium sorption dependent on the
microbial species present, though tests were conducted in a range of ionic strengths due
to the varying media requirements which influenced sorption (2000). More recently, Yee
and Fein conducted a study comparing gram positive and gram negative bacteria to
determine the deprotonation constants of key functional groups for the binding of metals,
including the binding constants associated with these metals (2001). Conclusions were
drawn suggesting the average thermodynamic parameters and site concentrations could
be expanded to include all bacterial species, pure or mixed cultures, to predict the
adsorption of the associated metal (Yee and Fein, 2001). Further, if bulk partitioning
coefficients were determined, surface complexation modeling could be used to predict the
amount of sorption to biomass in a range of pH, solute:bacteria concentration ratios and
differing aqueous environments (Fein and Powell, 2013). There is still debate on how
important microbial species are on the extent of bacterial biosorption of metals. However,
it is well established that carboxyl and phosphate sorption sites dominate the cell wall in
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gram positive bacteria, which allow comparisons to be made across microbial species
characterized as gram positive (Merroun and Selenska-Pobell, 2008; Vijayaraghavan and
Yun, 2008).
Biofilms, comprised of a sessile community of bacteria, which attaches to
surfaces forming layers of bacterial biomass, differentiates from their planktonic
counterparts, which freely flow in surface and groundwater sources (J W Costerton et al.,
1995; Merroun and Selenska-Pobell, 2008). Both types of organisms sorb radionuclides
to their cell walls though the biofilms immobilize the transport of these radionuclides
(Merroun and Selenska-Pobell, 2008). As bacteria die within the biofilm, sorbed
radionuclides are transported with the biocolloid which detaches from the biofilm to
provide space for new biofilm growth (Gillow et al., 2009; J W Costerton et al., 1995).
Thus, biosorption of radionuclides to a biofilm do not guarantee permanent
immobilization.
The microbial community present in areas contaminated with nuclear wastes vary
from site to site. Polymerase chain reaction (PCR) and MiSeq analysis are proven tools
that sequence microbial communities from environmental samples (Caporaso et al.,
2012). PCR was run on DNA extracted from the SRS soil used in this study, followed by
Illumina MiSeq, revealing the dominant genus as Clostridium which represented 31% of
the microbial community present in the SRS soil. Fifty percent of the microbial
community from the sequencing analysis were labeled as other.
Clostridium is a gram positive anaerobic bacteria found in soils and
gastrointestinal tracts of both humans and animals (Uzal et al., 2016). There are 204
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species currently classified under this genus, and several studies confirm the presence of
Clostridium at contaminated nuclear sites around the world (Field et al., 2010; Francis et
al., 2008, 1980; Gillow et al., 2009; Uzal et al., 2016). Cell wall compositions are similar
between organisms in the same genus and order and cell walls of gram positive bacteria
are typically comprised of carboxylic and phosphate groups, which allow comparisons to
be made for remedial strategies for metals across similar types of microorganisms (Gadd,
2009; Merroun and Selenska-Pobell, 2008). One motile species of Clostridium,
Clostridium geopurificans Strain MJ1 propagates between 18 and 37°C and pH 6.0 to pH
8.0 (Kwon et al., 2014). Strain MJ1 was used in this study as the model microbe because
Clostridium was identified as the dominant microbe naturally present in the SRS soil and
this genus is present at legacy nuclear waste sites around the globe. In addition, MJ1
reaches a stationary growth phase around five days, using tryptophan-yeast-glucose
(TYG) media, a relatively inexpensive growth medium. MJ1’s ubiquitous, inexpensive,
rapid proliferation and ease of growth and harvesting make it a choice microbe for
industrial remediation strategies (Gadd, 2009).
Both living and deceased biomass are capable of sorbing radionuclides (Ehrlich,
1997; Gadd, 2009; Gillow et al., 2009; Simonoff et al., 2007). Studying inactive (dead)
biomass decreases the complexity of the system, as dead biomass cannot contribute to
transformative processes of contaminants such as oxidation-reduction reactions that
immobilize radionuclides, allowing sole study emphasis on biosorption processes. In
addition, metal toxicity to the biomass is irrelevant when utilizing dead biomass
(Newsome et al., 2014). However, current research lacks on studies comparing the
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biosorption capabilities between live and dead biomass, though some argue dead biomass
sorbs metals more efficiently than active biomass (Simonoff et al., 2007). In contrast,
Kudo et al. calculated a significantly larger Kd for plutonium sorption to living cells
compared to dead biomass (Kudo et al., 1996). Further research is needed to elucidate the
differences between sorption to active (live) and inactive biomass.
Biosorption is currently not a feasible bioremediation strategy for radionuclides in
the natural environment (Newsome et al., 2014). The uncertainties associated with
desorption of contaminants from the cell wall, and re-release of sorbed materials upon
cell lysis prevent biosorption from being a feasible in-situ bioremediation strategy
(Knopp et al., 2003; Schiewer and Volesky, 2000). However, it is critical to understand
how active and inactive biomass influence the transport of radionuclides in the
environment to predict the migration of these contaminants of concern (Knopp et al.,
2003).
Uranium
Naturally occurring uranium exists in the Earth’s crust at concentrations of 1.8
ppb (Merroun and Selenska-Pobell, 2008). Uranium mines, nuclear weapons
manufacturing and nuclear electric power facilities are manmade contributors to the
concentration of uranium present in the environment (Choppin, 2007; Montgomery et
al., 2017; Morrison and Spangler, 1992). Current disposal practices involve storing
uranium in shallow repositories beneath the Earth’s surface causing aqueous uranium
species to leach from waste containments into groundwater sources (Merroun and
Selenska-Pobell, 2008; Simonoff et al., 2007; Stroes-Gascoyne and West, 1996).
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Uranium’s prevalence in the environment and status as a human health hazard make it a
contaminant of concern for DOE (Banaszak et al., 1999; Barnett et al., 2000).
Uranium exists in its oxidized state, UVI, which is soluble and mobile (GormanLewis et al., 2005) and in its reduced form, UIV, which is insoluble and precipitates as
black uraninite (Simonoff et al., 2007). Biosorption studies conducted at a nuclear waste
storage facility found differing strains of bacteria sorbed between 21%-90% of the UVI
from the groundwater samples at pH 5 (Gillow et al., 2009). At higher pH values, uranylcarbonate complexes form, causing a decrease in uranium sorption to both sediment and
biomass (Gillow et al., 2009; Gorman-Lewis et al., 2005). A column study conducted by
Yee and Fein concluded the fate and transport of metal contaminants is directly tied to
that of microorganisms (Yee and Fein, 2002). Few studies observe the uranium sorption
capacities of lysed cells over time.
Cesium
Cesium-137 exists in surface and groundwater as a weakly hydrated ion and is a
result of nuclear fission events, nuclear weapons testing and nuclear reactor waste
(Ashraf et al., 2014; Zaunbrecher et al., 2015b). Its long half-life (30 years) and
characterization as a human health hazard make it a contaminant of concern for DOE.
137

Cs sorbs strongly to common clay sediment, particularly micaceous minerals (Ashraf

et al., 2014). Two distinct sorption sites are hypothesized for 137Cs, with a high energy
site at frayed-edge regions of micaceous minerals, and the low energy sites at basal
planes of phyllosilicates including vermiculite (Ashraf et al., 2014; Kim et al., 1996;
Weiss et al., 1990). In addition to sorbing to sediments, studies performed by Lloyd and
Macaskie document 137Cs sorption to E.coli, cyanobacteria, eukaryotic algae and fungi
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(Lloyd and Macaskie, 2000). However, little is known about the 137Cs sorption capacity
of inactive biomass or whether it differs from active biomass sorption.
Citrate
Citrate is a natural, non-toxic tri-carboxylic acid, that can be used as a chelating
agent for remediation of uranium contaminated soils, but which has no significant effect
on cesium (Ebbs et al., 1998; Huang et al., 1998; Montgomery et al., 2017). In acidic
conditions, citrate mobilizes metals via direct complexation with the metals and through
dissolution (Jones and Darrah, 1994). Different complexes form depending on the
reduction potential of the environment. In oxidizing environments, the binuclear complex
(UO2-citrate)22- is favored followed by the tridentate complex UO2-citrate1- observed in
Figure 1 (Huang et al., 1998).

Figure 1. Metal citrate complexes. (a) Citric acid, a natural organic compound capable of forming
different types of complexes with metals. It forms (b) bidentate (c) tridentate (d) binuclear, and
polynuclear complexes depending on the metal. Figure and caption from Velzen, 2015.
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The U-citrate aqueous complex structure that forms determines whether citrate is
susceptible to biodegradation. Citrate initiates the Krebs cycle, a critical pathway vital to
the functioning of aerobic cells for both energy consumption and biosynthesis as it is
oxidized and transformed into precursors for amino acids and glucose (Madigan et al.,
2010). Anaerobic bacteria like MJ1 are fermentative bacteria and can use citrate for
growth (Kwon et al., 2014). Clostridium sphenoides, in the same genus as MJ1,
fermented citrate to acetate, ethanol, carbon dioxide and hydrogen (Walther et al., 1977).
The susceptibility of U-citrate complexes to biodegradation depends on the presence of a
free hydroxyl group on the citrate in the complex structure (Francis et al., 1992). The
binuclear complex lacks this hydroxyl group and is thus recalcitrant, while the tri and bi
dentate structures are biodegradable (Francis et al., 1992). One study, which tested a 1:1
metal:citrate ratio, determined the binuclear complex for uranium formed at pH 6.1 with
equal fractions of metal:ligand present in solution (Francis et al., 1992). As the pH
increases, citrate becomes more available to biodegradation because the U-citrate
speciation favors the free uranyl ion (Huang et al., 1998).
In addition to aqueous metal-ligand complexes, ternary complexes between the
metal, ligand and soil can also form. Bostick et al. found ternary surface complexes were
the dominant form of uranyl sorption observed in three DOE soils tested, with uranyl
phosphate complexes favored in acidic conditions and uranyl carbonate complexes
formed in neutral environments (Bostick et al., 2002). At pH values ≤ 5, uranyl-citrate
surface complexes dominate adsorption on goethite, with a 1:10 metal:ligand ratio, or
when the soil binding sites have been saturated with citrate (Redden et al., 2001).
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In order to expand upon the conceptual understanding of select ligands role in the
biogeochemical behavior of uranium and cesium established by Montgomery et al, citrate
is included in this study as a biologically relevant compound to observe how it affects the
biosorption capacity of whole and lysed cells (2017).
Ethylenediaminetetraacetic acid (EDTA)
EDTA is another chelating agent used for the leaching of heavy metals from
contaminated soils (Sun et al., 2001). The pH, soil matrix, the lability of the heavy metals
in the soil and the strength of the EDTA all influence the extraction efficiency of EDTA
to remove metals from contaminated sites (Elliott and Brown, 1989; Pichtel and Pichtel,
1997). The two amine groups and four carboxylate groups are able to complex metals in a
stable hexadentate complex, as shown in Figure 2. This complex renders the metals
soluble in solution. In most cases, EDTA is resistant to biodegradation by bacteria, and
can cause damage the outer membrane of gram negative bacteria (Oviedo and Rodríguez,
2003). However, species in the Agrobacterium genus are able to completely mineralize
EDTA (Thomas et al., 1998).

Figure 2. (Left) EDTA, a chelating agent used for the leaching of heavy metals through forming
complexing structures with the metals (right).
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Certain chelating agents are able to complex heavy metals more effectively than
others. One study comparing the efficiency of citrate and EDTA as chelating agents for
granitic soil contaminated with uranium concluded that citrate was the most effective
chelating agent in acidic conditions, while under alkaline conditions, EDTA treatment
resulted in the greatest uranium activity in solution, though the concentrations of uranium
extracted were low (Lozano et al., 2011). Results showed the most important factor
influencing uranium solubility was the pH (Lozano et al., 2011). Further studies are
needed to compare the effectiveness of chelating agents on varying geochemical
conditions associated with different site soils. In addition, the effects of multiple
competing chelating agents on the speciation of uranium needs to be further explored to
determine the effects natural chelating agents have on engineering applied chelating
agents in the natural environment.
Objective
The goal of this study is to better understand how active and inactive biomass
influence the sorption of uranium and cesium to SRS soil. Preliminary studies conducted
by Montgomery et al. increased the conceptual understanding of how naturally occurring
ligands, specifically oxalate and citrate, affected the mobility of a suite of radionuclides
(2017). This work aims to add a microbial component to the conceptual understanding by
utilizing the batch sorption experiments conducted by Montgomery et al (2017). In
addition, this study also aims to observe the effects multiple chelating agents have on
uranium, to observe the affinity of uranium to biomass. Understanding these multifaceted layers influencing radionuclide fate and transport from nuclear legacy waste sites

12

will allow more suitable waste containment strategies to be developed to improve overall
risk management strategies.
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MATERIALS AND METHODS
Microbial community analysis
Soil samples were homogenized and the DNA was extracted using a FastDNA®
Spin Kit for Soil (Ferrand et al., 2014). A 338F/907R bacterial 16s primer pair served as
the Illumina MiSeq tagged primer pair for PCR amplification. PCR amplification was
validated using agarose gel electrophoresis followed by a QIAquick® PCR Purification
kit to purify the 16s DNA fragments. DNA concentrations were measured with a Qubit
fluorometer, using HS dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) and
normalized to 30ng/µL with a final volume of 10 µL for Illumina MiSeq Sequencing.
Sequencing was performed by the Clemson University Genomics Institute. Taxonomic
classification of the 16s ampicon reads were accomplished using the Illumina BaseSpace
16s Metagenomics application, and were analyzed using STAMP (Parks et al., 2014).
Batch sorption methods
The chemical and physical characteristics for the SRS soil used in this study are
described in detail by Montgomery et. al and were classified as a sandy clay loam
(Montgomery et al., 2017). Batch sorption samples were prepared in a similar method
utilized by Montgomery et al. where 10,000 ppb and 1,000 ppb stock solutions of 133Cs
and uranium (High-Purity Standards, Charleston, SC) were prepared in 1 mM EDTA. A
10 mM stock solution of citrate was prepared using trisodium citrate (Chempure Brand)
in deionized water.
Cultures of Clostridium geopurificans strain MJ1 were grown using TYG media
(30 g tryptone (VWR Life Science, Bacteriological), 20 g dextrose (J.T. Baker,
anhydrous powder), 10 g yeast (Fluka Biochemika), at pH 7) and sparged with nitrogen
gas. Cultures were grown to the late exponential growth phase in 0.5 L of TYG media,
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harvested and centrifuged at 5,000 rpm for 20 minutes until a dense grey bacterial pellet
formed. Each pellet was flushed with nitrogen gas to maintain anaerobic conditions. C.
geopurificans were resuspended in a 10 mM sodium phosphate (Fischer Scientific,
tribasic) buffer and centrifuged at 5,000 rpm for 20 minutes. The resulting biomass was
re-suspended in 2 mL of 10 mM sodium phosphate buffer.
Qubit™ 2.0 (Invitrogen by Life Technologies) fluorometric quantitation was used
to determine the MJ1 biomass protein concentration after washing and re-suspending the
cells. Standards for the Qubit assay were prepared as described in detail by the Qubit™
2.0 Fluorometer manual for the protein assay. To measure the whole cell protein
concentration, 10 µL of the washed and re-suspended MJ1 cells was added to 1.4 mL of
de-ionized water and vortexed. From this dilution, 10 µL of the biomass was added to
190 µL of the Qubit™ Working Solution, vortexed, incubated and the absorbance was
measured using the fluorometer.
MJ1 cells were lysed by adding 1.5 mL of the washed and re-suspended biomass
to 8.5 mL of de-ionized water and blending in a commercial Waring Blender on low for
1.5 minutes. This lysed cell mixture was diluted by adding 10 µL of the lysed cell
mixture to 1.4 mL of de-ionized water and vortexed to achieve adequate mixing. Ten
microliters of this diluted solution was added to 190 µL of the Qubit™ Working Solution
to measure the protein concentration.
Measured protein concentrations for whole and lysed cells were compared against
a dry cell weight versus protein concentration graph specific to MJ1 (Appendix A).
Cultures of MJ1 were grown to different growth phases, washed and re-suspended as
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described above, and whole and lysed cell protein concentrations were measured using
the Qubit™ assay. After the absorbance was read, the sample was centrifuged for 20
minutes at 5,000 rpm, the supernatant was decanted and the sample was left in the oven at
105°C. Once dried, the dry cell mass was weighed to provide a correlation between the
protein concentration and dry cell weight of MJ1.
An experimental matrix with triplicate samples per treatment was designed to test
varying concentrations of 133Cs and urnaium (5, 30, 100, 500 ppb) with and without
citrate (100 µM) and with and without whole and lysed cell biomass (0.2 mg/mL).
Samples for each variable were prepared with and without soil to understand the effect
that biomass had on the sorption of the radionuclides to the SRS soil. Samples without
soil also allowed observations to be made on the sorption of the radionuclides to the
centrifuge tubes wall. In total, 132 batch sorption samples were prepared including
controls.
Samples were prepared in 15 mL polypropylene centrifuge tubes, which had been
washed in pH 5 0.01 M NaCl background solution for 24 hours prior to use in order to
decrease the radionuclide sorption to the tubes. Samples containing soil used 0.25 g/L of
SRS soil. All samples contained a 10 mL aqueous volume. The aqueous phase consisted
of the radionuclide stock solution and a background solution of pH 5 0.01 M NaCl, with a
set of samples containing citrate or biomass, or both. Controls without citrate and
biomass were prepared to serve as a baseline set both with and without soil. All batch
sorption sample additions were done gravimetrically to validate the actual concentrations
of stock solutions being added to the samples.
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Samples were stored on a shaker table (Jeio Tech, SK-300) after initial set-up.
The pH was measured and adjusted to pH 5 (±0.1) by adding a small volume of 0.01 N
HCl or 0.01 N NaOH to each sample approximately every five days. Samples containing
citrate were adjusted in an anoxic Coy Airlock glovebag to help reduce the degradation of
citrate by aerobes. Sampling events occurred on days 3, 10 and 30 when a 1.3 mL aliquot
consisting of mixed soil and aqueous phase, was removed from the samples and
centrifuged at 8,000 rpm for 20 minutes. One milliliter of the centrifuged supernatant was
added to 9 mL of 1mM ethylenediaminetetraacetic acid (EDTA) for analysis via
inductively coupled plasma mass spectrometry (ICP-MS). Samples containing citrate
were analyzed via high performance liquid chromatography (HPLC) to observe the
disappearance of citrate, so a 1.5 mL homogenous aliquot was removed at sampling
events for citrate samples in the glovebag. After centrifuging as described above, 1 mL of
the centrifuged supernatant was removed for ICP-MS analysis, and the remaining 0.5 mL
of the centrifuged aliquot was filtered through a 0.2 µm PTFE filter (VWR International)
into an HPLC vial, capped and refrigerated until analysis.
HPLC samples were run on an Aminex® HPX-87H column, which is frequently
used for organic acids analysis. A 5 mM sulfuric acid (H2SO4) running buffer was used as
the eluent. The temperature was set to 30°C. Only citrate concentrations were quantified,
to observe how much citrate was present after 30 days.
Sorption to biomass and sediment was analyzed by ICP-MS and calculated as
described by Montgomery et al (Montgomery et al., 2017). Briefly, the cesium and
uranium concentrations were calculated by taking the difference between the initial
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radionuclide aqueous phase concentration and the measured aqueous phase
concentrations at each sampling event. The amount of radionuclide sorbed to either
sediment or biomass was calculated using the following equation:

[𝑈]𝑠𝑒𝑑,𝑏𝑖𝑜𝑚𝑎𝑠𝑠 =

(([𝑈]𝑎𝑞𝑢,0 −[𝑈]𝑎𝑞𝑢 )𝑉𝐿 )
𝑚𝑠𝑒𝑑

(1)

Where:
[𝑈]𝑎𝑞𝑢,0 = Initial aqueous U concentration (ppb, µg/L)
[𝑈]𝑎𝑞𝑢 = Aqueous U concentration measured by ICP − MS (ppb, µg/L)
[𝑈]𝑠𝑒𝑑,𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = Sediment and/or biomass U concentration measured by ICP
− MS (ppb, µg/kg)
𝑉𝐿 = Sample liquid volume, mL
𝑚𝑠𝑒𝑑 = Sample sediment mass, g
The apparent partitioning coefficient, Kd was calculated using the following
equation:
𝐾𝑑 =

[𝑈]𝑠𝑒𝑑/𝑏𝑖𝑜𝑚𝑎𝑠𝑠

(2)

[𝑈]𝑎𝑞𝑢

The apparent Kd values calculated allowed correlations to be made on the
influence of biomass on the sorption of cesium and uranium to the SRS soil.
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RESULTS AND DISCUSSION
Minteq Speciation modeling
Visual Minteq was used to determine the aqueous phase compositions of uranium
and cesium at pH 5 with and without citrate as a second complexing agent. EDTA was
present in all samples, at varying concentrations dependent on the concentration of initial
injection of the radionuclide. Simulations for each variation in concentration and binding
ligand can be found for uranium in Figure 3. Cesium was not included in the figure
because it did not complex with citrate or EDTA in any of the simulations tested, but a
small fraction (less than 1%) formed weak aqueous complexes with the chloride
associated with the NaCl background solution. This result is consistent with previous
studies which concluded Cesium did not form aqueous complexes with binding ligands
(Montgomery et al., 2017). Only samples without soil are represented in the Minteq
speciation modeling, as Minteq is unable to account for the effects of the binding affinity
to soil. Table 1 provides the ratios of EDTA with and without citrate for each
concentration of radionuclide tested in the Minteq simulations.
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Figure 3. Minteq speciation modeling for uranium complexing with (top) varying concentrations of
EDTA and (bottom) 100 uM citrate and varying concentrations of EDTA.

Table 1. Ratios of EDTA with and without citrate for each concentration of radionuclide tested in
experimental data. The percent of EDTA and citrate complexed with uranium was modeled using
Minteq.
Without
With 100 uM Citrate
Citrate
U and Cs
EDTA
concentration Concentration EDTA:Citrate
U-EDTA
U-Citrate
U-EDTA
ppb
(uM)
Ratio
complex (%)
complex (%)
complex (%)
5
4
1:25
5.1
94.8
97.8
30
40
2:5
23.0
77.0
99.6
100
100
1:1
48.9
51.0
99.9
500
50
1:2
32.4
67.5
99.7
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The uranyl ion speciation with a dual ligand system is complex. As the ratio of
EDTA to citrate increased, the percent of the uranyl ion bound to EDTA increased. All
concentration ratios tested showed equal binding affinities of EDTA and citrate to the
uranyl ion at pH 5. When the molar ratio of EDTA:citrate was 1:1, approximately 50% of
the uranyl ion complexed with EDTA, while the other 50% complexed with citrate. Less
than 0.5% of the uranyl ion in solution remained un-complexed. Similarly, when the
EDTA:citrate ratio was 1:2, approximately 33% of uranium complexed with EDTA,
while the remaining 67% complexed with citrate. In systems lacking citrate, almost 100%
of the uranyl ion complexed with EDTA. Results from the Minteq speciation modeling
for the uranyl ion demonstrate EDTA and citrate complex all of the metal available in
solution.
Citrate Sorption and Degradation
In order to analyze aqueous citrate concentrations, HPLC analysis was coupled
with ICP-MS data sampling events on day 3, 10 and 30 for samples containing an initial
concentration of 100 µM citrate. Citrate degradation by aerobic microbes was minimized
by working in a glovebag. As shown in Figure 4, samples without soil showed
significantly higher aqueous citrate concentrations measured at day three than samples
containing soil. Samples without soil and with active biomass ranged from 20-100 µM
citrate at the first sampling event, compared to the inactive biomass range of 65-100 µM
citrate. In whole and lysed biomass samples without soil, all of the aqueous citrate was
gone by day 10. Samples with an initial radionuclide concentration of 5 or 30 ppb showed
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lower citrate concentrations at day 3 than samples containing 100-500 ppb in both active
and inactive biomass.
Samples containing soil displayed a significantly lower citrate concentration on
day three, at approximately 0.02 µM citrate or less, which was maintained through day
30, regardless of the biomass present in the samples (Figure 4). No trends were evident
with soil samples and initial radionuclide concentration.
Citric acid degradation products were not analyzed via HPLC, however, smaller
carbon compounds including malic acid, oxalic acid and formate did appear in samples
with and without soil and with active and inactive biomass. In samples containing soil
and citrate without added biomass, malic acid appeared in some samples. This
degradation could be on account of native microbial biomass present in the SRS soil, or
from microbes within the glovebag that contaminated the samples. The trend observed in
samples with 100-500 ppb radionuclides without soil showing a higher concentration of
citrate on day 3 could be explained by a greater proportion of the citrate being complexed
with U, due to the higher radionuclide loading, and thus preventing degradation as more
of the citrate formed binuclear complexes with the U. A mass balance could not be
performed on the citrate, because concentrations of the degradation products were not
measured, only observed. In addition, carbon dioxide, the product of complete
mineralization could not be measured in the headspace because samples were not sealed
off in order to allow for daily pH adjustments within the glovebag. It is important to note
that microbial degradation of citrate did occur in samples regardless of the variable
tested.
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Figure 4. Citrate sorption and degradation in (A) samples without soil and (B) samples with soil at varying concentrations of uranium and
cesium. Samples without soil are shown with (Row A, left panel) whole cells and (Row A, right panel) lysed cells. Samples with soil are shown
(Row B, left panel) without added biomass, (Row B, middle panel) with whole cells and (Row B, right panel) lysed cells.
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While microbial degradation did occur, citrate sorption to the soil also influenced
the drastic decrease in aqueous citrate concentration in samples containing soil. At pH 5,
ternary complexes with uranium, citrate and soil are expected to form, which explains the
rapid disappearance of citrate from the samples containing soil (Lozano et al., 2011).
This trend parallels the fraction uranium sorbed observed, which was approximately
100% sorbed by day 3 in samples containing soil (Figure 5). Future studies are needed to
conduct a complete mass balance on citrate to determine the percent sorbed in ternary or
aqueous complexes versus the percent biodegraded.
Fraction Sorbed vs. Time
In order to examine U(VI) and cesium adsorption kinetics to the SRS soil and
microbial biomass, batch sorption tests were conducted at a constant pH and observed
over time to determine when sorption reached apparent equilibrium, and which variables
impacted sorption to the biomass. The results are plotted in Figure 5 and Figure 6 as the
fraction of radionuclide sorbed over time and compared in the presence and absence of
soil for each variable tested. Column A through D represent increasing radionuclide
concentration, from 5, 30, 100, to 500 ppb concentrations respectively.
Uranium
Soil control samples across every initial injection concentration of U(VI) showed
almost 100% adsorption by the first sampling event at day three, maintaining
approximately 100% sorption by day 30. The 5 ppb U(VI) samples without soil showed
approximately 90% sorption by the first sampling event. This high fraction sorbed
persisted through the 30 day experiment. The 30 ppb controls without soil achieved
approximately 60% sorption by day three, increasing to approximately 65% by day 30,
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contrasted to the 40% sorption in the 100 ppb samples and 30% sorption by the 500 ppb
U(VI) controls.
Experimental tubes were pre-washed with the NaCl background solution for 24
hours to avoid excessive sorption to the polypropylene tubes, however U(VI) affinity to
the plastic tube wall persisted. The extreme 90% sorption observed in the 5 ppb samples
suggests that future studies increase the minimal U(VI) concentration tested to improve
the reliability of the results. However, to note, samples with the dual-ligand complexation
mechanism with whole and lysed cells showed an increase in aqueous phase uranium at
the first two sampling events, compared to samples where only EDTA was present. This
observation suggests that the citrate and EDTA were complexing U(VI) in an aqueous
complex, which decreased the affinity of U(VI) to the polypropylene tube wall. Due to
the unreliability of the 5 ppb U(VI) sorption results, only the 30, 100 and 500 ppb U(VI)
samples will be used for further analysis, though data from the 5 ppb will be shown in
figures.
The affinity of U(VI) to the SRS soil was much higher than its affinity to whole or
lysed biomass, EDTA or citrate. By the first sampling event at day three in all
concentrations tested, approximately 100% of the U(VI) had sorbed to the sediment and
stayed sorbed for 30 days. Trends in the data do not suggest a difference between
sorption to whole versus lysed cells in the 30 ppb U(VI) concentration tested. Both
demonstrated approximately a 20% increase of sorption of U(VI) from the EDTA control
without soil or biomass present. Whole cells in the 100 ppb sample showed a 20%
increase in sorption compared to the EDTA control, while lysed cells showed a 10%
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increase in sorption. The 500 ppb U(VI) samples with whole cells demonstrated
approximately a 10% increase from the EDTA control, whereas the lysed cells only
increased sorption by approximately 5%. As the concentration of uranium increased in
the samples, the binding sites on the cell wall surfaces for the whole cells reached their
max capacity as they competed with the EDTA for the U(VI). A portion of the binding
sites associated with the lysed cell walls were likely destroyed in the lysing process, thus
decreasing available binding sites in the lysed cell samples.
Samples with biomass, EDTA and citrate did not display steady state sorption
equilibrium over the 30 days tested. By day 30, both whole and lysed cells and citrate
showed approximately a 10% decrease in sorption, compared to the biomass samples
without citrate. In contrast, the whole cells from the 500 ppb samples showed
approximately a 5% decrease in sorption from whole cells without citrate, whereas the
lysed cells with citrate showed a 10% increase in sorption compared to lysed cells
without citrate. The presence of citrate has been shown to influence uranium speciation
and the extent to which it partitions to sediment surfaces by forming strong complexes
with the uranyl(VI) ion (Pasilis and Pemberton, 2003). U(VI) associated with
exchangeable and carbonate fractions are easily complexed with citrate (Francis and
Dodge, 1998). This complexing mechanism could explain why a greater portion of
aqueous U(VI) was observed in samples with whole cells and citrate, in comparison to
whole cells without citrate.

26

Figure 5. Experimental data for the fraction of uranium sorbed as a function of time. Solid data points represent samples with soil, while
hollow data points represent samples without soil. The initial uranium concentration in samples from Column A was 5 ppb, B was 30 ppb, C
was 100 ppb and D was 500 ppb.
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Figure 6. Experimental data for the fraction of cesium sorbed as a function of time. Solid data points represent samples with soil, while hollow
data points represent samples without soil. The initial cesium concentration in samples from Column A was 5 ppb, B was 30 ppb, C was 100
ppb and D was 500 ppb.
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Cesium
Cesium sorbed to the SRS soil to a lesser extent in comparison to U(VI) (Figure
6). Approximately 80% of the EDTA control 30 ppb cesium soil samples sorbed by day
30, and 60% sorbed in the 500 ppb cesium soil samples. Cesium samples without soil or
biomass sorbed approximately 40% at low cesium concentrations, but samples with high
cesium concentrations did not sorb any cesium to the polypropylene test tube walls. At
low cesium concentrations, in all soil samples tested, cesium sorbed to a lesser extent
when biomass or biomass and citrate were present. Whole cells with and without citrate
and lysed cells sorbed approximately 70% of the cesium present, whereas lysed cells and
citrate sorbed 75%. High cesium concentration soil samples sorbed less cesium when
biomass and citrate were present.
In addition, the trend in Figure 6 (particularly the high cesium concentration
samples) suggests cesium did not reach equilibrium in the 30 days tested, as sorption
generally tended to increase over time. Typically, batch sorption experiments assume
equilibrium is met, however, with the SRS soil, a non-equilibrium behavior was evident.
To account for this trend, calculations related to cesium sorption will be labeled as
reaching apparent equilibrium.
Comparing cesium soil controls from Column B and Column C in Figure 6, show
a decrease in fraction cesium sorbed compared to the fraction sorbed in the 5 and 30 ppb
samples. It is likely the sorption sites associated with cesium in the SRS soil reached their
maximum capacity around the 100 ppb cesium loading, though further studies need to be
conducted to further investigate the max sorbing capacity of cesium by the SRS soil.
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Low cesium concentration samples without soil showed a 40% fraction sorbed in
the EDTA control samples, which was the same fraction sorbed in samples with whole
and lysed cells. However, samples with biomass and citrate showed a decreased fraction
sorbed, with less than 10% sorbed. No sorption was observed in any of the high cesium
concentration samples without soil.
These results are consistent with those found in the literature and modeled by
Minteq. As chelating agents, EDTA and citrate do not have an impact on cesium
sorption. The SRS soil, which is composed of approximately 30% by mass kaolinite,
contain ion exchange sorption sites for cesium on the edges of the clay structure (Barber,
2017; Zaunbrecher et al., 2015a). In addition, high affinity cesium binding sites exist in
the phyllosilicate minerals which influence the sorption of cesium over time (Barber,
2017). As the cesium concentrations increased from 5-500 ppb in the samples tested,
these sorption sites became saturated with cesium, resulting in a smaller fraction sorbed
with increasing cesium concentration.
Statistical Analysis of Biomass and Complexing Ligands
In order to determine whether a statistical difference existed between variables in
the dataset, an analysis of variance was performed using a statistical analysis software
(SAS). Only the complexing ligands and types of biomass were analyzed in the model to
help simplify the system. Each variation of radionuclide, initial concentration, sampling
event, and soil status were tested to determine the effect the complexing ligand and
biomass had on the sorption of the radionuclide. Samples with an initial concentration of
5 ppb were disregarded, as affinity to the centrifuge test tube made results unreliable.
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In all variations tested comparing ligands to biomass’ effect on sorption, there
was no statistical difference on the sorption results for cesium. These findings are
consistent with results observed by Montgomery et al., who concluded no Cs:ligand
complexation occured, even at high ligand concentrations (2017). The active and inactive
biomass did not impact cesium sorption either. These results indicate active biomass did
not block the cesium sorption sites associated with the SRS soil for the high or low
cesium affinity sorption sites. MJ1 is a motile bacteria, which does not form biofilms, so
further studies may be needed on sessile microorganisms to determine if active biomass
could inhibit sorption of cesium to these specific binding sites. Results also indicate the
MJ1 cell surface does not provide sufficient sorption sites for the cesium to bind to the
biomass cell wall, or complex with any of the exudates associated with the cell lysate.
Statistical analyses for uranium were more complex. In samples without soil, only
the 500 ppb day 3 and day 10 results were not statistically different, as observed in Table
2. In samples with soil, the 30 ppb day 30 and 500 ppb day 10 samples were not
statistically different. In the 30 ppb samples, almost all of the uranium had sorbed by day
30 (likely to the soil) regardless of the condition. The low uranium concentration was not
enough to reach the max sorption capacity of the soil at apparent equilibrium, or for the
citrate from forming ternary complexes with the soil to bind the metal. Uranium’s
affinity for staying in an aqueous EDTA complex was lower than uranium’s affinity for
the soil and ternary complexation with the soil at the 30 ppb concentration tested, so a
statistical difference was not observed at this low uranium concentration.
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Table 2. Analysis of variance results comparing the effects of complexing ligands and biomass on the
sorption of uranium at each initial concentration and sampling event. P values in red are not
statistically different.

Conditions which showed statistical difference from Table 2 were broken down
further to investigate the effects complexing ligands and biomass had on uranium’s
sorption using a differences of least square means (Appendix B). Results showed in all 30
and 100 ppb samples, whole cells with EDTA sorbed more uranium than samples with
EDTA alone (Figure 7). Lysed cells had the same effect, except the day 30, 100 ppb
sample did not show a statistical difference with the lysed cells and EDTA versus EDTA
alone. Comparing whole verses lysed sorption effects, a statistical difference was found
for all 100 ppb samples, where whole cells sorbed more than lysed cells.

Figure 7. The uranium fraction sorbed in samples without soil versus the initial radionuclide
concentration tested. Columns represent the different sampling events where Column (A) is 3 days,
(B) 10 days and (C) 30 days. Error bars represent the deviation between triplicate samples.
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Therefore, at uranium concentrations below 500 ppb, biomass increases the
sorption of uranium in the absence of soil. High concentrations of uranium likely exceed
the max sorption capacity of both the whole and lysed cells. The carboxylic and
phosphate functional groups associated with gram positive bacteria like MJ1 likely serve
as the functional groups binding uranium (Gadd, 2009; Merroun and Selenska-Pobell,
2008; Tobin et al., 1984). At pH 5, the phosphate functional group (pKa=3) and most of
the carboxylic groups (pKa=4), would remain negatively charged, thus attracting the
cationic uranium species (Tobin et al., 1984). When the biomass underwent cell lysis,
some of these sorption sites could have been destroyed, decreasing the max sorption
capacity of the cell lysate. At uranium concentrations lower than 100 ppb, the cell wall
functional groups likely did not reach the maximum sorption capacity, so no statistical
difference was observed in the sorption capacity of the active or inactive biomass.
In addition, the affinity of uranium to the biomass was greater than its affinity to
stay in the aqueous EDTA complex that Minteq predicted as the dominant uranyl species
at all EDTA concentrations tested. Results confirm previous findings that microbial
biomass, both active and inactive, is capable of sorbing uranium from aqueous solutions
and could be utilized in the decontamination of waste streams from nuclear fuel sites and
mining industries characterized with uranium contamination (Merroun and SelenskaPobell, 2008; Tobin et al., 1984). Trends in the data show that increasing radionuclide
concentration decreases the fraction sorbed, as the binding sites on the biomass reach
max capacity, while increasing the time increases the fraction sorbed, to a certain extent.
The increase in fraction sorbed between day 3 and day 10 compared with day 10 to day
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30 was greater between day 3 and 10. This suggests that apparent equilibrium was
reached near day 10, when the biomass neared max sorption capacity.
Results comparing biomass with EDTA and citrate show active and inactive
biomass with low concentrations of uranium (30 ppb) sorb less uranium in the presence
of citrate (Figure 8). All whole cell samples at 30 and 100 ppb concentrations that
showed statistical difference sorbed less uranium when citrate was present. However,
lysed cells with citrate at 100 ppb uranium showed a significant increase in sorption with
citrate on day 3 and 30 compared to lysed cells without citrate. There was no significant
difference between whole and lysed cells ability to sorb uranium in the presence of
citrate.
Whole cells with citrate sorbed less than whole cells with EDTA alone. With
citrate present, the whole cells competed against two complexing agents, as opposed to
EDTA alone. In this system, the ligand-metal aqueous complexes were favored more than
the cell wall binding sites with only one complexing ligand. Trends in the data suggest
combining two complexing agents do not have an additive effect in forming ligand:metal
aqueous complexes, but can decrease biosorption to whole cells. In addition, while whole
cells in EDTA appeared to reach apparent equilibrium around day 10, sorption to whole
cells with citrate appeared to increase from day 10 to 30. Thus, it is unknown whether the
samples with whole cells and citrate achieved equilibrium in this study.
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Figure 8. The uranium fraction sorbed in samples without soil versus the initial radionuclide
concentration tested in the presence and absence of citrate. Columns represent the different sampling
events where Column (A) is 3 days, (B) 10 days and (C) 30 days. Rows depict samples with (1) whole
cells with complexing agents, (2) lysed cells with complexing agents, and (3) whole and lysed cells
with citrate. Error bars represent the deviation between triplicate samples.
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It is difficult to determine why the lysed cells with citrate significantly increased
sorption on day 3 and 30 at 100 ppb and day 30 in 500 ppb uranium samples. Molecules
associated with the cell lysate could be responsible for complexing with the citrate and
EDTA. Lysing cells introduce a mixture of biomolecules including proteins, humic-like
substances, polysaccharides, nucleic acids, glycoproteins, uronic acid and lipids, which
could make the binding sites on the cell wall more available by complexing with citrate
or EDTA, or could also serve to complex the uranium (Li and Yu, 2014). However, this
extra mixture of biomolecules associated with the cell lysate showed no significant
difference compared to the sorption on whole cells with citrate at any concentration
tested.
In samples containing soil and EDTA, whole and lysed cells sorbed significantly
more uranium at 100 ppb concentrations on day 10 and 30 than samples without biomass
(Figure 9). This result parallels samples without soil at 100 ppb uranium (Figure 7). At
this concentration, it is likely the biomass nears its max sorption capacity and is able to
increase the fraction sorbed compared to soil alone. The biomass does not have a
significant impact at higher uranium concentrations because the carboxylate and
phosphate groups on the cell walls are entirely occupied and overloaded with the high
uranium concentration. Further studies are needed to identify appropriate isotherms to
model the max sorption capacity of whole and lysed cells.
Only samples at 500 ppb day 3 showed a statistical difference between sorption
by the types of biomass present, where whole cells sorbed significantly more than the cell
lysate (Figure 9). In samples with soil, the effects of the biomass were decreased because
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the affinity of uranium to the SRS soil was high. Trends in the data show approximately
all of the uranium sorbed in soil samples by day 10 in all initial concentrations tested.
Therefore, active and inactive biomass can increase sorption of uranium, however soil
minimizes the impact and high uranium concentrations exceed the max sorption capacity
of the cells.

Figure 9. The uranium fraction sorbed in samples with soil versus the initial radionuclide
concentration tested. Columns represent the different sampling events where Column (A) is 3 days,
(B) 10 days and (C) 30 days. Error bars represent the deviation between triplicate samples.

Soil samples containing EDTA and citrate were compared to samples with soil
and EDTA alone (Figure 10). In all five cases showing statistical difference, samples
with citrate sorbed more uranium than samples without citrate (Table 7). Citrate is not
limited to forming aqueous ligand:metal complexes with uranium, but can also form
soil:ligand:metal ternary complexes with the SRS soil. These ternary complexes caused a
significant increase in sorption at the 100 and 500 ppb level. Montgomery et al. observed
a different effect on the dual ligand system of citrate and oxalate when investigating the
effects on uranyl distribution coefficients (2017). The decreasing Kd value calculated
with increasing ligand concentration suggested ternary complexes did not form and
aqueous complexes dominated the SRS soil system. This difference could be attributed to
the interactions with the differing complexing ligands.
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Comparing the biomass type with and without citrate in soil, 86% of the
statistically significant results showed whole and lysed cells with citrate sorbed more
uranium than biomass without citrate (Table 7). Cell walls serve as a secondary source
for the formation of ternary complexes to form between the cell wall:ligand:metal. While
these extra sorbing sites do not appear to have an additive effect on the amount of
uranium bound, observing the trends in Figure 10, the biomass does improve the removal
rates of uranium from the aqueous phase.

Figure 10. The uranium fraction sorbed in samples containing soil versus the initial radionuclide
concentration tested. Columns represent the different sampling events where Column (A) is 3 days,
(B) 10 days and (C) 30 days. Rows depict samples with (1) whole cells with complexing agents, (2)
lysed cells with complexing agents, and (3) whole and lysed cells with citrate. Error bars represent
the deviation between triplicate samples.
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In addition, whole and lysed cells with citrate and soil sorbed more than samples
without added biomass and citrate for samples showing a statistical difference. Only a
minor statistical difference was observed between whole and lysed cells, where whole
cells sorbed more than lysed with citrate (Table 7).
In summary, cesium sorption was not impacted by the complexing ligand or
biomass present. Uranium sorption increased with active and inactive biomass in aqueous
solutions with EDTA, with whole cells sorbing more of the radionuclide than lysed cells.
When citrate was added as a dual ligand, sorption to the whole cells decreased, while
sorption to lysed cells increased. With soil added, biomass increased sorption of uranium
at the 100 ppb level in EDTA. Adding citrate to the soil samples showed an increase in
sorption to the biomass in EDTA, through the formation of ternary complexes with the
soil and/or biomass:ligand:metal. In all samples, 100 ppb appeared to near the max
sorption capacity for both whole and lysed cells.
Distribution Coefficient for Uranium
The distribution coefficient, Kd, was calculated using Equation 2 for uranium
samples with and without soil on day 30, when samples reached apparent equilibrium.
Results are displayed in Figure 11. Data for the 5 ppb concentration is unreliable due to
uranium affinity to the test tube walls. Trends show citrate decreases biosorption in the
absence of soil, but increases biosorption when sediment is available. The decreasing K d
values with increasing uranium concentration in the absence of soil show the impact of
the high uranium loading on biosorption capacity. Trends with soil suggest the formation
of the ternary soil:citrate:U complex, or biomass:citrate:U complex.
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Figure 11. Apparent distribution coefficients for U with SRS soil, biomass and citrate at varying
concentrations of U (5, 30, 100, 500 ppb). Distribution coefficients for uranium to (top) biomass and
(bottom) biomass and soil were calculated using day 30 experimental data.
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Distribution Coefficient for Cesium
The solid-aqueous distribution coefficient, Kd, was calculated for samples
containing cesium and soil using Equation 2. Results are displayed in Figure 12. The
range of apparent Kd values are consistent with distribution coefficients observed by
Barber, who calculated cesium sorption distribution coefficients over a range of cesium
concentrations at 29 days (2017). The consistency in the datasets of the apparent Kd
values reflect the fact that cesium does not complex with EDTA in solution, which was
present in this study but not in Barbers (2017).
The decreasing apparent Kd values with increasing cesium concentration reflect
the saturation of the selective sorption sites for cesium on the SRS soil. As the cesium
loading increased, a smaller fraction sorbed to the soil as the sorbing sites became
saturated, resulting in a higher cesium concentration in the aqueous phase and thus a
smaller apparent Kd. Barber furthered explored this trend and determined the presence of
a low abundance, high energy selective sorption site for cesium to the SRS soil which
essentially irreversibly sorbed cesium in comparison to a higher abundance lower energy
cesium sorption site, which offered a reversible sorption site for cesium (2017).
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Figure 12. Apparent distribution coefficients for 133Cs with SRS soil, biomass and citrate at varying
concentrations of 133Cs (5, 30, 100, 500 ppb). Distribution coefficients were calculated using day 30
experimental data.
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Future Work
In order to further elucidate the impact of biosorption on metal mobility, it would
be beneficial to first remove the native microbial community from sediment samples.
While autoclaving sediment offers a way to sterilize the soil, it also changes the
chemistry of the sediment tested, which could lead to unreliable results for site specific
soil. Gamma radiation provides an alternate method to sterilize soil, but can also alter the
chemical conditions of the soil, leaving the native inactive biomass in samples, thus
contributing to the effects of biosorption. Methods of microbial extraction using
potassium sulfate, SDS or other detergents should be investigated for future biosorption
studies (Vance et al., 1987).
The results of this study demonstrated neither chelating agents like EDTA and
citrate nor biomass had an impact on cesium sorption. However, MJ1 was a motile
bacteria which did not produce biofilms. Further studies may be needed to elucidate
whether biofilm forming bacteria block the two specific sites associated with cesium
sorption by prohibiting cesium access to those sites.
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CONCLUSION
This study demonstrates biosorption by active and inactive biomass increases the
uranium fraction sorbed in solid and aqueous systems in the presence of complexing
ligands, but has no effect on cesium sorption. Results confirmed whole and lysed cells
significantly increased uranium sorption to soil or biomass, thus transitioning uranium
from a mobile aqueous phase to a stationary phase. Biosorption should be further
investigated as a strategy to incorporate in DOE legacy waste sites to help decrease the
spread of uranium in the environment and improve the long-term stewardship of these
sites.
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CHAPTER TWO
Bioreduction of U(VI) using Various Electron Donors and Re-oxidation of U(VI) in
Aerobic and Anaerobic Environments
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INTRODUCTION
Rendering the soluble U(VI) to the insoluble U(IV) via microbial reduction reactions
is one mechanism proposed for the remediation of groundwater contaminated with
uranium (Gorby and Lovley, 1992; Lovley et al., 1991). More than 25 species of
prokaryotes have been identified with the ability to reduce uranium (Suzuki and Suko,
2006) including Fe(III) and sulfate reducing bacteria (Coates et al., 2001; Lovley et al.,
1991; Lovley and Phillips, 1992), fermentative bacteria (Francis et al., 1994), and
thermophilic bacteria (Kieft et al., 1999). Addition of various electron donors including
acetate, lactate and ethanol to contaminated sites allow native microbial communities to
reduce, and thus immobilize, U(VI) to U(IV) (Figure 16) (Anderson et al., 2003; Istok et
al., 2004; Simonoff et al., 2007; Wall and Krumholz, 2006). Some microbial U(VI)
reductions result in the black precipitate known as uraninite, UO2 (Simonoff et al., 2007;
Suzuki and Suko, 2006).
Bioreduction of U(VI) as a viable remedial strategy requires that re-oxidation of the
stationary U(IV) be improbable via abiotic or biotic processes (Wall and Krumholz,
2006). Oxygen, Fe(III) hydroxides and nitrite are able to oxidize U(IV) via chemical
oxidation (Abdelouas et al., 1999; Merroun and Selenska-Pobell, 2008; Nevin and
Lovley, 2000; Senko et al., 2002). Microbial oxidation of U(IV) can occur when coupled
with oxygen or nitrate (DiSpirito and Tuovinen, 1982; Finneran et al., 2002). One
Department of Energy (DOE) study sampled 91 nuclear waste sites across the country
and found nitrate as the most commonly reported anion in groundwater due to the
standard practice of utilizing nitrate for the reprocessing and fabrication of nuclear fuels
(Riley and Zachara, 1992). A better understanding of the rates and extent of re-oxidation
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of U(IV) in the presence of nitrate is needed to determine the viability of bioremediation
strategies for sites characterized with high nitrate concentrations.
Sorption to sediment is another mechanism which can decrease the mobility of
uranium (Zhou and Gu, 2005). U(VI) phosphate minerals, and U(VI) complexed with soil
organic matter or sorbed onto soil minerals are two mechanisms which remove U(VI)
from the mobile phase through sorption processes (Zhou and Gu, 2005). These
mechanisms are susceptible to organic ligands and bicarbonate, which complex with
U(VI) causing the radionuclide to return to the mobile phase (Zhou and Gu, 2005).
When bicarbonate is present, it forms stable complexes with U(VI), increasing the
thermodynamic favorability of the oxidation of U(IV) (Gu et al., 2005; Kohler et al.,
2004; Wall and Krumholz, 2006). (Bi)carbonate is a product of microbial respiration and
thus present in sites contaminated with nuclear waste (Wan et al., 2005). A column study
conducted over 17 months on Oak Ridge soils investigating U(IV) stability in the
presence of U(VI) reducing microbes found that U(IV) was re-oxidized and resolubilized after 100 days, using Fe(III) and Mn(IV) as terminal electron acceptors (Wan
et al., 2005). Wan et al concluded in-situ uranium bioremediation at a neutral to alkaline
pH is unfeasible, as U(VI) forms stable uranyl carbonate complexes (2005). Thus, though
re-oxidation of U(IV) is possible, biotically reduced U(IV) is more stable than adsorbed
U(VI) which readily complexes with ligands in the mobile phase (Kohler et al., 2004;
Luo et al., 2007).This conclusion necessitates further contaminated sites be tested to
determine if an alternative remedial strategy for uranium contaminated soil and
groundwater is required.
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The overall objective of this study was to determine if bioremediation is a viable
strategy for treating groundwater contaminated with uranyl carbonate. The specific
objectives were to a) quantify the rate and extent of U(VI) reduction with several
different electron donors, b) quantify the rate and extent of U(IV) re-oxidation in the
presence of nitrate or oxygen and c) determine whether adding sodium bicarbonate
increases the rate of uranium dissolution for recovery in pump and treat wells.
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MATERIALS AND METHODS
Soil Sampling
Sediment for this study was collected from the Cimarron Fuel Fabrication Site in
Oklahoma. The nuclear production facility at Cimarron enriched uranium and mixed
oxide fuels for the Hanford Site’s nuclear reactors from 1965-1975 (Jing et al., 2017;
“NRC: Cimarron (Kerr-McGee),” n.d.). In 1975, uranium contamination in the
groundwater stopped all operations, and commenced facility decommissioning efforts in
1976 (Jing et al., 2017; “NRC: Cimarron (Kerr-McGee),” n.d.). Most of the Cimarron
land is labeled unrestricted use currently, however further remedial strategies are needed
in Burial Area #1, Western Alluvial Area, and the Western Upland Area which employ
pump and treat strategies for decontamination (“NRC: Cimarron (Kerr-McGee),” n.d.).
Sediment for this study came from sites in these areas from wells TMW-06, MWWA-03,
T-77, O2W46, and 1356. The physical soil properties are listed in Table 3.

Table 3. Physical characteristics of the five Cimarron well sites. Porosity values were generalized
using Table 2.4 from Freeze and Cherry (1979).

Site
TMW-06
MWWA-03
T-77
O2W46
1356

Soil Type
Sand
Clay
Silt
Sand
Sand
Clay
Silt
Sand
Silt
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Porosity (%)
30
20
20
30
20
20
20
20

Reduction of U(VI) Using Different Electron Donors and Acceptors
Microcosm samples were prepared with 20 grams of sediment and 50 mL of site
associated groundwater. Samples were sealed under an anoxic headspace and run in
triplicates. All samples received 20 µM of uranium hexahydrate, prepared from a uranyl
nitrate salt in anoxic 30 mM sodium bicarbonate. A sample matrix with controls and six
variations of electron donors and acceptors (20 mM sodium acetate, 30 mM sodium
acetate + 10 mM nitrate, 30 mM acetate + 10 mM sulfate, 20 mM lactate, 20 mM
formate, 2.5mL EOS substrate) was developed for each sampling site for a total of 21
microcosms per sediment. Once the soil and groundwater were aliquoted, the electron
accepters were added, followed by the electron donors. Aqueous phase uranium, U(VI),
was measured using the method described by Golmohammadi et al (Golmohammadi et
al., 2012) at 651 nm using a Thermo Fischer Scientific Genesys 20 UV/Vis spectrometer.
Sample solutions were prepared in a 10mL volumetric flask in contrast with
Golmohammadi’s 50mL flask to proportionally decrease the waste generated by the
Arsenazo (III) assay reagents (Golmohammadi et al., 2012). U(VI) concentrations were
measured over five and a half months.
Re-oxidation of U(VI) using Nitrate and/or Oxygen
As the microcosms set up for the reduction of U(VI) reached the spectrophotometric
detection limit for U(VI), the triplicate microcosms for each amendment were split into 3
separate re-oxidation experimental groups. The first of the triplicate microcosms became
aerobic by uncapping the microcosm and stirring daily; 1 mM of sodium nitrate was
added to the second microcosm which remained anoxic; and 1mM of sodium nitrate was
added to the final aerobic microcosm, which was uncapped and stirred daily. U(VI)
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concentrations were measured using the Golmohammadi et al. procedure referenced
previously over a period of sixty-six days (Golmohammadi et al., 2012). Not all
sediments and electron donors were re-oxidized, as some sites and donors did not reduce
U(VI) to the levels required for the re-oxidation step.
Bicarbonate Extraction Microcosms
Bicarbonate control microcosms were prepared using 25 grams of the 5 site sediments
and 100 mL of 30 mM sodium bicarbonate adjusted to pH 7.2. Samples were sealed
under an anoxic headspace. U(VI) microcosm samples were prepared using 25 grams of
the 5 site sediments and 20 mL of aqueous 20 µM uranium hexahydrate adjusted to pH
7.2. Microcosms were prepared in a Coy glovebag to create an anoxic headspace. After
21 days of measuring U(VI) adsorption to the soil using the Golmahammadi et al.
spectophotometric method previously mentioned, 100 mM sodium bicarbonate adjusted
to pH 7.8 was added to the U(VI) microcosms and bicarbonate control samples to create a
total aqueous volume of 100 mL (Golmohammadi et al., 2012). The glovebag was
utilized for each volumetric addition to ensure the samples remained anoxic. Each
microcosm was agitated to adequately mix the samples. U(VI) concentrations were
measured to observe the rate of uranium desorption from the soil during the bicarbonate
extraction.
Modeling Bicarbonate Extraction Data using Comsol Multiphysics 5.2®
Kinetic parameters were calculated for the rate of uranium adsorption by plotting the
natural log of the concentration at time t (Ct) divided by the initial concentration (C0)
versus time. Desorption kinetic parameters were calculated similarly, however C 0 was
replaced with the concentration of U(VI) remaining from the final measurement of the
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adsorption step. The slope of the resulting plots provided K A, the rate of adsorption and
KD, the rate of desorption.
The following equations were used to model adsorption and desorption using Comsol
Multiphysics:

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑘𝐴 ∗ 𝐶0

(3)

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑘𝐷 ∗ (𝐶0 − 𝐶𝑡 )

(4)

Where:
kA = Rate of adsorption (s-1)
kD = Rate of desorption (s-1)
Ct = Concentration of U(VI) at time, t (mol/m3)
Co = Initial concentration of U(VI) at time zero (mol/m3)
In the models, adsorption was set to turn off at 22 days, to simulate when the 100 mM
sodium bicarbonate was added to the microcosms. Once adsorption stopped, desorption
was programmed to begin.
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RESULTS AND DISCUSSION
Reduction of U(VI) Using Different Electron Donors and Acceptors
The first sampling event of the Cimarron soils tested measured U(VI)
concentrations greater than the 20 µM U(VI) originally added to the sample microcosms.
This finding is consistent with the historical data of Cimarron site uranium contamination
associated with uranium fuel fabrication (“NRC: Cimarron (Kerr-McGee),” n.d.). Rates
of U(VI) microbial reduction were slow relative to published data for uranium
bioremediation, as displayed in Table 4. All electron donors tested were sufficient to
enable microbial reduction to approximately 5 µM concentrations or below, but not all
were able to reduce below the EPA’s 0.126 µM uranium limit for drinking water
standards (Figure 13) (US EPA, 2015). There was not a detectable difference between
U(VI) reduction between electron donors. Site TMW-06 sediment consistently reduced
more U(VI) for each electron donor tested, followed by site O2W46 and MWWA-03.
U(VI) concentrations in the EOS substrate microcosm for site 1356 did not drop below
10 µM U(VI) over three months of observation.
When sulfate and nitrate were added individually as competing electron acceptors
to U(VI) with acetate serving as the electron donor, no apparent inhibition on the rate of
U(VI) reduction was observed. This contrasts results observed in in situ push-pull tests,
which detected more extensive inhibition of U(VI) reduction while nitrate reduction
occurred (Senko et al., 2002).
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Electron
Donor
Acetate

Bacterium or
Well Site

GS-15
O2W46
MWWA-03
1356
TMW-06
Anaeromyxobacter
Acetate + Nitrate
O2W46
TMW-06
MWWA-03
Acetate + Sulfate
MWWA-03
1356
Lactate
BrY
CN32
MR-1
O2W46
T-77
Formate
O2W46
MWWA-03
TMW-06
EOS Substrate
T-77
O2W46
Emulsified
vegetable oil

U(VI)
Reduction
First-order
model (s-1)
6.35E-05
-8.33E-07
-1.67E-07
-1.50E-07

U(IV) Oxidation
Oxygen,
(s-1)

Nitrate,
(s-1)

Oxygen +
Nitrate (s-1)

1.83E-05

1.67E-05

1.50E-05

1.67E-05

2.78E-10
-8.33E-07
-1.67E-07

Reference
[29]
This work
This work
This work
[30]

1.50E-05
1.50E-05

1.83E-05
1.33E-05
1.67E-05

1.50E-05
1.50E-05
1.50E-05

This work
This work
This work

-3.33E-07
-1.67E-07

This work
This work

2.38E-04
1.62E-04
3.28E-04
-1.00E-06
-1.33E-07

[29]
[29]
[29]
This work
This work

-1.00E-06
-3.33E-07
-1.33E-07

1.67E-05

2.17E-05

1.67E-05

1.67E-05

1.83E-05

1.67E-05

-3.33E-08
2.17E-05
1.67E-09

This work
This work
This work
This work
This work
[30]

Table 4. Comparison of the rates of U(VI) reduction and re-oxidation via microbial processes using a
variety of electron donors.
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Figure 13. Anoxic reduction of 20uM U(VI) in sites O2W46, 1356, MWWA-03, T-77 and TMW-06
using various electron donors and acceptors.
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Re-oxidation of U(VI) using Nitrate and/or Oxygen
Re-oxidation of U(IV) occurred almost completely in all microcosms tested in
four days with 1 mM nitrate, oxygen (open to air) and a combination of 1 mM nitrate and
oxygen (open to air). Sites O2W46, TMW-06, and MWWA-03 were tested. Re-oxidation
appeared to be complete regardless of the electron donor added previously (Appendix C).
However, samples previously amended with acetate and nitrate re-oxidized to a lesser
extent, and rates were slower in comparison to microcosms without initial nitrate
amendments in all three re-oxidation conditions. The anoxic, 1 mM nitrate microcosms
achieved complete oxidation by three days, one day faster than the average microcosm
open to air.
These findings parallel anoxic push-pull tests on soil containing U(IV) which
found by adding varying concentrations of nitrate to the soil, U(VI) concentrations
increased as amendment concentration decreased with final U(VI) concentrations greater
than the initial injected concentration (Senko et al., 2002). Anoxic 1 mM nitrate
microcosms resulted in U(VI) concentrations ranging from approximately 20-40 µM
U(VI) upon complete re-oxidation, with one microcosm reaching approximately 100 µM
U(VI) which was attributed to analytical error. Dissimilatory nitrate reduction results in
nitrite, nitrous oxide and nitric-oxide, which can all oxidize U(IV) into the mobile
oxidation state (Wu et al., 2007). These intermediates likely increased the rate at which
U(IV) was oxidized in microcosms injected with nitrate.
Re-oxidation with the aerobic microcosms resulted in complete oxidation on
average of four days, though some samples achieved complete oxidation in two days
(Appendix C). Samples received varying amounts of DO as each sample was stirred daily
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after each sampling event. Results confirm previous findings of higher U(VI)
concentrations when DO is available; one study even found 100% re-oxidation to U(VI)
in less than 10 hours of exposure to oxygen (Wu et al., 2007; Zhou and Gu, 2005).
Microcosms which received DO and nitrate also averaged complete oxidation in four
days (Appendix C), though the average aqueous uranium was higher in DO microcosms
alone compared to microcosms with DO and nitrate.
Regardless the oxidation condition, re-oxidation rates of U(VI) observed were to
rapid and complete for bioremediation to be a feasible long term solution for sites
contaminated with U(VI), especially when nitrate is present.
Bicarbonate Extraction
The anoxic bicarbonate control extraction microcosms were not spiked with an
initial U(VI) concentration; the U(VI) extracted from the sediments originated from the
uranium contamination from the Cimarron Fuel Fabrication waste site. An original
concentration of 30 mM bicarbonate was added to the soil and analyzed over a period of
21 days (Figure 14). Approximately 3 µM U(VI) was extracted from well site TMW-06,
1.5 µM U(VI) were extracted from well sites MWWA-03 and O2W46, and less than 0.5
µM U(VI) were extracted from sites 1356 and T-77.
After sampling on day 21, 100 mM bicarbonate was added to the microcosms to
determine whether a higher concentration of bicarbonate would achieve greater U(VI)
extraction rates (Figure 14). By day 27, approximately 4.5 µM U(VI) was extracted from
well site TMW-06 and O2W46 and 2.5 µM U(VI) was extracted from well site T-77,
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1356 and MWWA-03. Increasing the bicarbonate concentration improved the U(VI)
extraction rates on all soils, by a factor of 1.5-5 times, depending on the sediment.

Figure 14.Anoxic sodium bicarbonate extraction starting with 30 mM bicarbonate followed by 100
mM bicarbonate. All U(VI) extracted came from sediment previously contaminated from the Kerr
McGee Cimmaron Fuel Fabrication site in OK.

The anoxic samples that received an initial concentration of 20 µM U(VI) were
analyzed over 21 days to observe rates of sorption of U(VI) to the Cimarron soils (Figure
15). In all well sites, there was a drastic initial rate of U(VI) sorption within a few hours
of initial injection. Once U(VI) sorption sites on the soil surface were occupied, rates of
U(VI) sorption decreased and equilibrated at approximately 2 µM U(VI) within 21 days.
After the sampling event on day 21, 100 mM bicarbonate was added to the samples and
agitated for appropriate mixing. With the addition of bicarbonate, U(VI) concentrations
increased steadily to the last sampling event on day 27.
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Figure 15. Anoxic reduction and sorption of 20uM U(VI) to Cimmaron site soils, followed by a 100
mM bicarbonate extraction at 21 days.
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Lou et al. observed similar trends: as the bicarbonate concentration increases,
U(VI) concentrations also increase (2007). Figure 14 displays this trend, the addition of
100 mM bicarbonate increased the extraction extent of U(VI) compared to the 30 mM
bicarbonate extraction. Bicarbonate forms complexes with U(VI) by extracting the
adsorbed or precipitated metal into the aqueous phase at elevated pH levels (Luo et al.,
2007; Zhou and Gu, 2005). This strong complexing mechanism is observed in Figure 14
and Figure 15 once the 100 mM bicarbonate was added to the sediment. In comparison to
similar studies, Zhou et al. extracted 68% of the initial U(VI) injected concentration
within the first 5 hours of 1 M bicarbonate addition (Zhou and Gu, 2005) while another
study reported a steady-state U(VI) dissolved concentration after approximately 120
hours of bicarbonate extraction (Kohler et al., 2004).
Modeling Bicarbonate Extraction Data using Comsol Multiphysics 5.2®
Kinetic parameters for the rates of adsorption and desorption were calculated for
the bicarbonate extraction data in Figure 15 and are provided in Table 5. Rate constants
were calculated by plotting the natural log of the concentration at time t (Ct) divided by
the initial concentration (C0) versus time and using the slope as the rate of adsorption or
desorption. These rate constants were used in Comsol Multiphysics® with Equation 3
and 4 to model adsorption and desorption. Desorption was simulated to start with the
addition of the 100 mM bicarbonate to the sample microcosms.
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Table 5. Comparison of the rates of U(VI) adsorption and desorption for 5 well site sediments from
Cimarron, OK. Desorption was due to addition of 100 mM sodium bicarbonate.

Site
TMW-06
T-77
02W46
1356
MWWA-03

K adsorption (s-1)
-6.85E-07
-1.65E-07
1.54E-07
-6.21E-07
-5.18E-07

K desorption (s-1)
1.77E-06
6.42E-07
1.44E-06
2.75E-06
2.68E-06

The models for all five sediments predicted complete desorption of U(VI) within
34 days or less, assuming no change in the environmental condition. Well sites O2W46,
1356 and MWWA-03 predicted complete desorption in 27.5 days; TMW-06 predicted 33
days and T-77 predicted 34 days. These rates are modest in comparison to the five day
steady-state U(VI) dissolved concentration post a bicarbonate extraction reported by
Kohler et al (2004). These differences could be due to the variances in site specific
geochemical conditions of the sediments tested (Osiensky and Williams, 1990; Zhou and
Gu, 2005).
These findings, in both experimental data and the model, support that high
concentrations of bicarbonate increase the rate and extent of U(VI) desorption from
aquifer material and could be utilized as a strategy to implement with a pump and treat
recovery system for the extraction of uranium from contaminated waste sites.
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CONCLUSION
This study demonstrates bioreduction of uranium contaminated sediments and
groundwater is not a viable solution for long-term remedial strategies. Aerobic conditions
re-oxidize U(IV) on the order of days. These rates parallel anaerobic conditions with high
nitrate concentrations. Bicarbonate extraction methods offer a more reliable solution
coupled with pump and treat technology for the recovery of U(VI) from soil and
groundwater.
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APPENDICES
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APPENDIX A
Biosorption and Bioreduction

Figure 16. (Top) Biosorption of U(VI) at a generic microbial cell wall. Key functional groups in the
cell wall structure are the hydroxyl, amine, carboxyl and phosphoryl groups. (Bottom) Bioreduction
of U(VI) at a microbial cell wall. Bioreduction can result in the black precipitation, uraninite, or in
U(IV). Figure from Newsome et al., 2014.
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APPENDIX B:
Quantifying MJ1 Biomass

Dry weight (mg/ml)

120
100
y = 178.95x - 319.98
R² = 0.8296

80
60
40
20
0
1.7

1.8

1.9

2.0
2.1
Absorbance

2.2

2.3

2.0
2.1
Absorbance

2.2

2.3

Protein Concentration (mg/ml)

3.5
3.0

y = 2.775x - 3.4894
R² = 0.7422

2.5
2.0
1.5

1.0
0.5
0.0
1.7

1.8

1.9

Figure 17. Method utilizing the Qubit fluorometric protein assay for quantifying biomass. The whole
cells were measured using dry weight versus absorbance (top panel), and lysed cells were measured
using protein concentration versus absorbance (bottom panel).

65

3.50

Protein (mg/mL)

3.00
2.50
2.00
1.50

y = 0.0147x + 1.5137
R² = 0.7986

1.00
0.50
0.00
0.00

20.00

40.00

60.00

80.00

100.00

120.00

Dry Cell Weight (mg/mL)

Figure 18. Dry cell weight versus protein concentration curve for measuring MJ1 biomass using the
Qubit fluorometric protein assay.
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APPENDIX C:
Statistical Analysis Results for the Effects of Biomass and Complexing Ligands on the Sorption of Uranium

Table 6. Analysis of variance results comparing the effects the complexing ligand versus the biomass had on the amount of uranium sorbed in
the absence of soil. Variables in red were not statistically different. The x represents conditions that did not have a statistically different p value
in the overall condition. One variable changed per test, where N=no added biomass, L=lysed cells, W=whole cells, 1=EDTA, 2=EDTA and
citrate.
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Table 7. Anaylsis of variance results comparing the effects the complexing ligand versus the biomass had on the amount of uranium sorbed in
the prescence of soil. Variables in red were not statistically different. The x represents conditions that did not have a statistically different p
value in the overall condition. One variable changed per test, where N=no added biomass, L=lysed cells, W=whole cells, 1=EDTA, 2=EDTA and
citrate.
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APPENDIX D:
Cimmaron Re-oxidation Experiments

Open Bottle, Stirred Daily
U(VI) (µM)

50
40

TMW Acetate and Nitrate

30

TMW Acetate

20

O2W46 Acetate

10

O2W46 Formate

0
0

1

2

3

4

Time (days)

O2W46 Acetate and Nitrate
O2W46 Lactate

1mM Nitrate, Closed Bottle
U(VI) (µM)

150

MWWA Acetate and Nitrate
TMW Acetate and Nitrate

100

O2W46 Acetate
50

O2W46 Acetate and Nitrate
O2W46 Lactate

0
0

0.5

1

1.5

2

2.5

3

Time (days)

3.5

4

O2W46 EOS Substrate
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Figure 19. Cimmaron uranium re-oxidation experiments in (top) aerobic conditions (open to air) (middle) anaerobic conditions with 1 mM
nitrate added and (bottom) aerobic conditions (open to air) with 1 mM added nitrate.
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